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Abstract
Identiﬁcationofwidespreadspeciescollectedfromislandscanbechallengingdueto
thepotentialforlocalecologicalandphenotypicdivergenceinisolatedpopulations.
We sought to determine how many species of the spruce budworm (Choristoneura
fumiferana) complex reside in Cypress Hills, an isolated remnant coniferous forest
in western Canada. We integrated data on behavior, ecology, morphology, mito-
chondrialDNA,andsimplesequencerepeats,comparingCypressHillspopulations
to those from other regions of North America to determine which species they
resembled most. We identiﬁed C. fumiferana, C. occidentalis, C. lambertiana,a n d
hybrid forms in Cypress Hills. Adult ﬂight phenology and pheromone attraction
were identiﬁed as key life-history traits involved in maintaining the genomic in-
tegrity of species. Our study highlights the importance of extensive sampling of
bothspecimensanda varietyofcharactersforunderstandingspecies boundariesin
biodiversity research.
Introduction
Islands have long fascinated biogeographers, ecologists, and
evolutionary biologists, as they provide insights into the
mechanisms that shape biological diversity (MacArthur and
Wilson 1967; Brown and Lomolino 2000; Gillespie and Rod-
erick 2002; Lomolino and Brown 2009). Island biogeogra-
phytheoryencompassesthebiotaofoceanicislands,isolated
continental habitats, such as lakes or mountaintops (Hughes
and Eastwood 2006; Thornton 2007), and habitats that have
beenfragmentedthroughhumanactivity(Harris1984;Haila
2002; Thornton, 2007). However, this framework focuses on
the number of species on an island as an equilibrium be-
tween colonization and extinction of species, implying little
change in the species themselves, and is largely mute on the
subject of species identiﬁcation and delimitation on islands.
Nonetheless, processes of divergence, hybridization, or spe-
ciation may occur on an island, particularly since adaptive
traits may be under increased selection pressure to adapt
to a new environment (e.g., Grant et al. 1996; Hughes and
Eastwood, 2006). An increased propensity to hybridize and
exchangegenesmayalsobeexhibitedbetweencloselyrelated
species in new contact on an island (e.g., Clarke et al. 1996;
Grant et al. 1996). Our study focused on a continental is-
land, Cypress Hills, where these challenges have complicated
the identiﬁcation of conifer-feeding species present in the
spruce budworm (Choristoneura fumiferana Clemens 1865)
complex (Lepidoptera: Tortricidae).
Cypress Hills is located on the border of southern Alberta
and Saskatchewan in Canada, and is a forested continental
island isolated from the nearest coniferous region by ap-
proximately 250 km (Chilton 2003). Coniferous tree species
include pine (Pinus contorta D o u g l a se xL o u d e n )a n ds p r u c e
(Picea glauca [Moench] Voss and P. albertiana S. Brown
emend. Strong and Hills). Picea albertiana are hybrid forms
of P. glauca (Moench) Voss and P. engelmannii Parry ex En-
gelmann (Strong and Hills 2006). Based on pollen records,
Cypress Hills is a refugium that, due to its higher elevation
and higher rainfall, has allowed Picea and Pinus species to
survive, while surrounding regions developed into grassland
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somewhere between 12,000 and 14,000 years before present
(Strong and Hills 2005).
The presence of these coniferous trees has allowed the col-
onization of insect species from the spruce budworm species
group, a coniferophagous pest complex that ranges across
the Nearctic region. This is an extremely well-studied species
groupofmothsthatincludesC.fumiferana,whichisthemost
destructive insect defoliator in North America (Volney and
Fleming 2007) and has become a model organism for study-
ing insect outbreak dynamics (e.g., Greenbank et al. 1980;
Williams and Liebhold 2000; Royama et al. 2005; R´ egni` ere
and Nealis 2007). Species within the complex are not all of
equal economic importance, as some are less likely to enter
anoutbreakphaseandcausewidespreaddamage.Thespecies
also differ in their morphology, behavior, and bioregion as-
sociation. However, species identiﬁcation is a challenge since
these differences are frequency related rather than discrete
for each species (Harvey 1985; Dang 1992; Harvey 1997),
and multiple characters are typically necessary for species
identiﬁcation.Althoughphenotypictraitsworkwellforiden-
tiﬁcation when spruce budworm species are found in their
typical habitats, identifying species outside of their known
range and in locations with nontypical environmental char-
acteristics, such as Cypress Hills, can be very difﬁcult. This
is further complicated by the documented ability of spruce
budworm species to hybridize and produce viable offspring
(Harvey1997).GeneticmarkerssuchasmitochondrialDNA
(mtDNA)andsimplesequencerepeats(SSRs,alsoreferredto
as microsatellites) can help to identify some species, but the
majority of the species can not be identiﬁed on the basis of
thesegeneticmarkersaloneasgeneticclusteringislessspeciﬁc
than the species boundaries. Therefore, putatively adaptive
phenotypic traits such as life-history traits and morphology
are still necessary to identify most of the species, requiring
anintegrativeapproachusingmultiplemarkers(Lumleyand
Sperling 2011).
TheCypressHillshabitatislandislocatedbetweentwoma-
jor ecosystem regions hosting different species of the spruce
budworm species complex (consult Lumley and Sperling
2011foraspeciesrangemap).About400kmtothenorthand
eastistheborealregionwithC.fumiferanaandC.pinus Free-
man 1953. To the west is a mountainous region with the re-
maining six species within the complex: C. biennis (Freeman
1967), C. carnana (Barnes and Busck 1920), C. lambertiana
(Busck 1915), C. occidentalis (Freeman 1967), C. orae (Free-
man 1967), and C. retiniana (Walsingham 1879). Described
species that range geographically closest to Cypress Hills in
the cordilleran region 250 km to the west include C. occiden-
talis, C. biennis,a n dC. lambertiana. A host plant connection
betweentheborealandcordilleranregionshasbeenhypothe-
sizedbyStrongandHills(2005),potentiallyallowingrefugial
populations of several spruce budworm species to continue
to exist for up to 14,000 years before present. These species
are also known to migrate long distances, having been ob-
served to disperse as far as 600 km (Dobesberger et al. 1983),
which would allow more recent dispersal events from either
the boreal or cordilleran regions to populate Cypress Hills.
The hybrid origin of one of the spruce species in Cypress
Hills,P. albertiana,pointstowardthepossibilitythatresident
spruce budworm populations in Cypress Hills may also be
hybrids, formed through secondary contact of “mainland”
boreal and cordilleran species; all species within the spruce
budworm complex have been shown to hybridize and pro-
duce fertile offspring in laboratory studies (Harvey 1997).
WithCypressHillscontainingonlythreeconiferspeciesthere
is also the possibility of increased rates of selection, leading
to speciation, for species that have immigrated from other
regionsbutdonotoriginallypreferspruce(P. albertiana orP.
glauca)orlodgepolepine.Colonizingorrefugialspeciesmay
also have to adapt to different environmental conditions in
CypressHillscomparedtotypicalconditionsintheirnormal
range, again possibly leading to increased rates of selection
and speciation.
With these considerations in mind, our objectives were to
determine the identity of the spruce budworm species resid-
ing in Cypress Hills and to determine what characteristics
may allow them to maintain their genomic integrity if there
are multiple species. Putatively neutral markers (SSRs and
mtDNA) were analyzed to measure gene ﬂow and to deter-
mine whether there were any hybridization events among
species or populations within Cypress Hills, as well as to
assign individuals to previously delimited species by com-
paring them to “mainland” species. Adaptive traits (larval
hostplant,pheromoneattraction,adultﬂightphenology,and
adult forewing morphometrics) were surveyed to determine
if there were any evolutionarily signiﬁcant characters that
may allow species to maintain their genomic integrity while
existing in sympatry, as well as to assist in assigning Cypress
Hills individuals to species by comparing their traits with
those found in mainland species. Our work is intended to
contribute to our understanding of spruce budworm species
interactions as well as to explore appropriate methods for
delimiting and identifying species on islands.
Materials and Methods
Collections for Cypress Hills
As indicated in Fig. 1 and Table S1, collected specimens that
were used in this study came from 12 locations in Cypress
Hills, and included both larval and pheromone collections,
which are further described below.
Larval collections
In 2005, larvae feeding on spruce were sampled from four
locations in Cypress Hills (Table S1; Fig. 1), with two of the
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Figure 1. Cypress Hills collection locations from which specimens were sampled and analyzed. Photo of the Cypress Hills is from Google Maps
(http://maps.google.com/).
localities (Firerock and Battle Creek) having higher popula-
tion numbers and providing more extensive collections. A
few larval samples were also taken from spruce in 2008. Ex-
tensive searches were conducted across the region in 2006
and 2008 for larvae feeding on lodgepole pine, resulting in
three individuals collected in 2008 from three localities. Lar-
vaewerefedoriginalhostfoliageandrearedtotheadultstage.
Larval head capsule coloration, larval diapause characteris-
tics, and date of adult emergence were recorded along with
typical locality information.
Adult collections
During July 8–11 in 2006, adults were collected using
pheromone traps from across Cypress Hills in Alberta and
Saskatchewan, of which seven locations were selected for
further processing as listed in Table S1. Trap localities in-
cluded locations containing mainly spruce or lodgepole pine
as well as mixed stands. Two green unitraps (Contech, Vic-
toria, BC) were set out 75 m apart and at a height of 2.75
m within each locality, with one trap containing C. fumifer-
ana lure and one trap containing C. pinus pinus lure. The
C. fumiferana pheromone lures consisted of 95:5 (E,Z)-11-
tetradecenal (Contech). The C. p. pinus pheromone lures
contained a 9:1 ratio of 85:15 (E,Z)-11-tetradecenyl acetates
and 85:15 (E,Z)-11-tetradecen-1-ols (Silk et al. 1985) and
were from the Canadian Forest Service. Vapona (Contech)
was used as a killing agent. Blacklight traps were also placed
out in these same locations for one trap night per locality
overthethreenightcollectingperiod,withethylacetateused
as a killing agent. Longitude, latitude, elevation, and conif-
erous tree species were recorded for each location. Adults
weretransportedbacktothelabandfrozenat–20◦Ctoa wait
further processing.
In 2008, pheromone traps were placed in nine localities
acrosstheregion(TableS1;Fig.1)withlocalitiesmainlybeing
chosen on the basis of host plant stand. These included the
same localities sampled for larvae in 2005 (Firerock, Spruce
Coulee, Reesor Lake, Battle Creek), and many of the same
localitiessampledforadultsin2006(Firerock,WillowCreek,
east of Spruce Coulee Road, Spruce Coulee, Reesor Lake,
Grayburn). Three localities mainly contained spruce, three
mainly contained lodgepole pine and three localities were
mixed stands, although all stands had some portion of either
species. Three unitraps were set out for each locality, one
trap containing C. fumiferana lure, one trap containing C.
p. pinus lure, and one control trap containing no lure. The
pheromone traps were placed in the ﬁeld on June 27, 2008,
and trap catches were collected and counted every 10 days
until September 5, 2008, for a total of seven trap collections.
Recorded location information included longitude, latitude,
elevation, and coniferous tree species. Adults were placed at
–20◦C to await further processing. Voucher specimens and
images were deposited at the University of Alberta in the E.
H. Strickland Entomological Museum.
Collections outside of Cypress Hills
Locality and collection information for spruce budworm
species collected outside of Cypress Hills are compiled in
Lumley and Sperling (2011). In addition, collection infor-
mationforspeciesthatactedasoutgroupsformtDNAanaly-
sis, C. rosaceana (Harris 1841), C. conﬂictana (Walker 1863),
and C. murinana (H¨ ubner [1796–1799]), is summarized in
Lumley and Sperling (2011).
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Mitochondrial DNA
A 470-bp region of mtDNA was ampliﬁed and sequenced
in both directions from the COI gene using the methods
recorded in Lumley and Sperling (2010). This region was
chosen as it allowed for the integration of data from previ-
ous studies (Sperling and Hickey 1994; Lumley and Sperling
2010,2011).Atotalof112larvalsamplesfrom2005,69adult
trapcatchsamplesfrom2006,and296larvalandpheromone
trapcatchsamplesfrom2008weresequencedsuccessfullyfor
a total of 477 moths. From the 2006 collection, all specimens
collected using the C. pinus lure were sequenced (n = 9),
plus three locations were chosen from which 10 moths were
sequenced from each of the C. fumiferana pheromone trap
and blacklight trap catches. For the 2008 pheromone trap
catches, at least three specimens were sequenced from ev-
ery trap at every sampling date (including the control trap),
u n l e s sf e w e rw e r ec o l l e c t e di nw h i c hc a s et h eo n eo rt w o
specimens available were sequenced.
mtDNA sequence was assembled and checked for ambi-
guities in Sequencher 4.0 (Gene Codes Corporation, Ann
Arbor, MI), then aligned by eye in PAUP 4.0b10 (Swofford
2003). All haplotypespreviouslyrecorded fromacrossNorth
America from 1167 specimens (Lumley and Sperling 2011)
wereaddedtotheanalysis,includingthosesequencedforthe
same 470-bp region as well as 12 haplotypes sequenced for
the full 2.3-kb region of COI and COII. Four outgroup spec-
imens (2 × C. rosaceana, C. conﬂictana,a n dC. murinana)
were used. Sequence for the larger 2.3-kb region of mtDNA
was included to maximize the phylogenetic informativeness
and basal stability of the tree. Individual sequences from the
Cypress Hills specimens were then reduced to unique haplo-
typesusingMacCladev4.08(MaddisonandMaddison2005).
New haplotypes were deposited in Genbank (Table S2).
mtDNAsequencewasanalyzedusingthesamemethodsas
in Lumley and Sperling (2011), using CIPRES portals v1.15
and v2.1 (Miller et al. 2009) for maximum parsimony, max-
imum likelihood, and Bayesian analysis. Maximum parsi-
mony was analyzed in PAUP 4.0b10 (Swofford 2003) using
a CIPRES wrapper around the PAUP heuristic search com-
mand,treebisectionandreconnectionbranchswapping,and
200ratchetiterations.Strictand50%majorityruleconsensus
were calculated to generate a ﬁnal tree. Maximum likelihood
was analyzed in RAxML v7.0.4 (Stamatakis 2006), using the
R A x M LG T R+G+Im o d e li nC I P R E Sp o r t a lv 1 . 1 5a n d
with1000rapidbootstrapinferences(Stamatakisetal.2008).
BayesiananalysiswasconductedinMrBayesv3.2.1(Ronquist
and Huelsenbeck 2003), using the GTR + G + I model, the
Markov chain Monte Carlo (MCMC) calculation running
for 10,000,000 generations, trees sampled every 1000 gener-
ations, and the ﬁrst 25% of trees being discarded as burnin.
Convergence was conﬁrmed by viewing the sump output.
Trees were viewed in Treeview v1.6.6 (Page 1996).
Microsatellite markers
Eight SSR loci were successfully ampliﬁed using the recom-
mended conditions (Lumley et al. 2009), for 478 Cypress
Hills specimens, including the same 477 specimens success-
fullysequencedformtDNA.Ampliﬁedproductwasrunusing
an ABI Prism 3730 DNA Analyzer, sized relative to Genescan
LIZ-500(AppliedBiosystems,FosterCity,CA),thenchecked
andgenotypedusingGeneMapper4.0(AppliedBiosystems).
SSR genotypes from 1135 individuals that were analyzed in
Lumley and Sperling (2011) were added to the data. These
specimens were collected from across North America and
included all species within the spruce budworm complex.
SSR data were analyzed in structure v2.3.2 (Pritchard et
al. 2000) using the admixture model, with ﬁve broad geo-
graphic regions considered as sampling locality priors: (1)
southern British Columbia, southwestern Alberta, and the
western United States; (2) Rocky Mountains (north of Por-
cupine Hills, AB), northern British Columbia, Yukon, and
Alaska; (3) coastal regions of British Columbia and Alaska;
(4) east of the Rocky Mountains from Alberta to Newfound-
land and the eastern United States; and (5) Cypress Hills.
Inclusion of sampling location priors in the analyses can as-
sist in the use of structure to make inferences on population
structure if population membership and sampling location
are correlated (Pritchard et al. 2010). Also, sample locations
onetofourwereincludedintheanalysisinLumleyandSper-
ling 2011, so it was appropriate to include them here so that
comparisons could be made between the previous and cur-
rent analyses. Allele frequencies were calculated using both
theNorthAmerican(LumleyandSperling2011)andCypress
Hills samples to determine if the Cypress Hills specimens
wereassignedtothesamepopulationsastheNorthAmerican
specimens and thereby were comparable. Allele frequencies
were also calculated using the North American samples only,
allowingpopulationandindividualassignmentstobeassim-
ilar as possible to those completed in Lumley and Sperling
(2011),withCypressHillsspecimensassignedtopopulations
based on the calculations for the North American samples.
For both analyses, 10 iterations for each population size (k)
equaling 1 through 13 were analyzed with MCMC running
for 500,000 generations and initial burnin of 50,000 gener-
ations. For the ﬁrst analysis, with Cypress Hills specimens
included in allele frequency calculations, likelihood and  K
were examined (Evanno et al. 2005) to determine the most
likely number of populations. For the second analysis, with
Cypress Hills specimens not included in allele frequency cal-
culations, SSR assignment was visually compared to mtDNA
and adaptive traits data for each individual, for k = 2s i n c e
thiswasthemostlikelynumberofpopulationscalculatedfor
the North American samples based on  K,a n df o rk = 6
since this gave the most resolution for separating described
species (Lumley and Sperling 2011).
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Morphology
For the pheromone trap collection completed in 2008, the
forewings from all captured moths (n = 16,440) were exam-
ined and classiﬁed as brown, gray, or worn. Morphometric
analysis was also performed on 398 specimens that had asso-
ciated mtDNA and SSR data. These specimens were pinned,
photographed, and imported into ImageJ 1.38x (Rasband
2006) to measure 25 morphometric forewing pattern ele-
mentsasdescribedbyLumleyandSperling(2010).Morpho-
metric measurements were transformed by the log base 10
of X + 1 and analyzed using linear discriminate analysis in
Ginkgov1.4(DeC´ aceresetal.2003).SSRpopulation(k =2)
wasthepriormethodforgroupingindividualstodetermineif
thesepopulationscouldbedistinguishedusingmorphology.
Combined data
Data gathered for Cypress Hills specimens were compared
qualitativelytodatagatheredforeachofthesprucebudworm
speciescollectedthroughoutotherregionsofNorthAmerica.
This was to determine which species are most likely residing
in Cypress Hills. All data types were also compared between
specimens collected in Cypress Hills to determine if there
were any genetic, morphological, or behavioral traits that
differed between but corresponded within population types.
This was to determine if there were any characters that may
be contributing to the maintenance of the genomic integrity
of species or populations. Cypress Hills specimens were also
divided into four genetic types based on mtDNA and SSR
(k =2)data,thesetypesbeing:(1)Eastern,forf-orp-lineage
mtDNA + SSR population 1; (2) Western,f o ro - ,o β-, or
bβ-lineage mtDNA + SSR population 2; (3) Intermediate 1,
for o-, oβ-, or bβ-lineage mtDNA + SSR population 1; and
(4) Intermediate 2, for f- or p-lineage mtDNA + SSR popula-
tion 2. This was to evaluate whether there were any possible
hybridization events between the two main populations, as
determined by SSR assignment (k = 2). For specimens col-
lectedin2008,thesefourgenetictypeswerealsoplottedover
time to determine if there was an intermediate ﬂight period
f o rh y b r i d s .T h e s eg e n e t i ct y p e sw e r ea l s om a p p e do n t ot h e
lineardiscriminantanalysisoftheforewingpatternmorpho-
metricstodeterminewhatpopulationtheyweremostsimilar
to morphologically.
Results
Mitochondrial DNA
A total of 165 ingroup haplotypes (Table S2; Fig. 2) were
included in the analysis, of which 142 were previously pub-
lished (Sperling and Hickey 1994; Roe and Sperling 2007a;
Lumley and Sperling 2010, 2011). These haplotypes repre-
sented 1630 individuals, and included all currently known
spruce budworm species across their known range as well
as the Cypress Hills specimens. From the 477 Cypress Hills
specimenssequencedforthe470-bpregionofCOImtDNA,a
total of 49 ingroup mtDNA haplotypes were found, of which
23werenewandthereforeuniquetoCypressHills(TableS2).
When restricted to the 470-bp region and with outgroups
excluded,71characterswereparsimonyinformative,32char-
acters were variable but parsimony uninformative, and 367
characters remained constant. Maximum parsimony, maxi-
mum likelihood, and Bayesian analysis resulted in trees with
similar topologies of major lineages and are in general agree-
ment with those published in other studies (Sperling and
Hickey 1994; Lumley and Sperling 2010, 2011). The maxi-
mum likelihood tree is shown in Figure 2. In comparing all
locations that we have studied so far, Cypress Hills contains
thehighestamountofmtDNAdiversity,with49mtDNAhap-
lotypes and all ﬁve major mtDNA lineages (f, o, p, oβ,a n d
bβ) as deﬁned in Sperling and Hickey (1994). Two clusters
a r es u p p o r t e db yb o o t s t r a p ,o n ec l u s t e re x c l u s i v et ot h ef -
lineage and the other cluster including the remaining named
lineages (o, p, oβ,a n db β). The proportion of individuals
associated with each lineage differs greatly, with the majority
containingthef-lineage(n=241)oro-lineage(n=217)and
smallernumbersofindividualscontainingthep-lineage(n=
7), oβ-lineage (n = 9), and bβ-lineage (n = 3). These lin-
eagesareassociatedwithallknownsprucebudwormspecies,
with the f-lineage primarily associated with C. fumiferana,
withthep-lineageprimarilyassociatedwithC.pinus inother
regions, and with the o-, oβ-, and bβ-lineages associated
with all western species (C. occidentalis, C. biennis, C. orae,
C. lambertiana, C. retiniana,a n dC. carnana).
Microsatellite markers
When Cypress Hills specimens were included in the calcu-
lation of allele frequencies using structure (Pritchard et al.
2000), the likelihood values and  K (Evanno et al. 2005)
indicated that the most likely number of populations is two
( F i g s .2a n d3 ) .T h i sr e s u l tw a st h es a m ea sf o rt h eN o r t h
Americansamplesonly(LumleyandSperling2011),indicat-
ing that populations in Cypress Hills could be compared to
those in surrounding areas. When Cypress Hills specimens
werenotincludedinthecalculationofallelefrequencies,k =
2 indicated that the two populations were both in Cypress
Hills (Fig. 3). Based on the North American samples, Pop-
ulation 1 encompasses species residing in the boreal regions
and the eastern United States (C. fumiferana, C. pinus)a n d
Population 2 encompasses the remaining species residing in
the west (C. occidentalis, C. biennis, C. orae, C. lambertiana,
C. retiniana,a n dC. carnana)( F i g .3 ) .
We also examined the assignment of Cypress Hills speci-
mensatk =6(Fig.S1),asthiswasthenumberofpopulations
atwhichthemostNorthAmericanspeciesweredelimitedus-
ingtheeightSSRmarkers(LumleyandSperling2011).Inthe
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For haplotypes found in Cypress Hills (*)
(Cypress Hills individuals only):
Figure 2. Maximum likelihood tree for 165 unique ingroup haplotypes found in the Choristoneura fumiferana species complex. The analysis included
the full 2.3-kb region of cytochrome c oxidase I and cytochrome c oxidase II mitochondrial DNA (mtDNA) for 12 individuals and a 470-bp region of
cytochrome c oxidase I mtDNA for 1632 individuals. Maximum likelihood bootstrap values and Bayesian support values are indicated for the main
lineages. Haplotypes labeled by an asterisk (*) were found in Cypress Hills. Beside each haplotype found in Cypress Hills is phenotype information
for specimens containing that haplotype (Cypress Hills specimens only), including: (A) number of individuals containing the haplotype; (B) larval head
color; (C) larval host plant; (D) adult wing color; (E) pheromone attraction; (F) the main tree species in the locality where the specimens were collected;
(G) adult phenology for 2008 pheromone trap collection; (H) SSR assignment for k = 2; and (I) SSR assignment for k = 6.
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Figure 3. Probability of microsatellite
assignment using structure analysis (k = 2),
with North American samples (excluding all
but 10 Cypress Hills specimens, as per
Lumley and Sperling, 2011) grouped by
species, and Cypress Hills samples grouped
by collection information (collection year,
collection taken as larvae or adults, larval
host plant, adult trap type, and collection
date for 2008 phenology study). lamb =
lambertiana; retin = retiniana; carn =
carnana;s p r= spruce; pi = lodgepole pine;
F lure = C. fumiferana lure; P lure = C.
pinus lure; BL = blacklight; Ct = Control;
a–g = collection dates (a = June 27– 7; b =
July 7–17; c = July 17–27; d = July
27–August 6; e = August 6–16; f = August
16–26; g = August 26–September 5).
North American study (Lumley and Sperling 2011), individ-
ualswereidentiﬁedtospeciesonthebasisofphenotypictraits
(life history, behavior, ecogeography, and morphology), and
the SSR analysis grouped these same individuals as Popula-
tion1(C.fumiferana),Population2(WesternA),Population
3 (Western B), Population 4 (C. lambertiana), Population
5( C. pinus), and Population 6 (C. retiniana). It was deter-
mined that Western A and Western B contained the western
species,mainlyC.occidentalis,C.biennis,C.orae,C.carnana,
as well as several specimens identiﬁed as C. lambertiana and
C. retiniana. Using the same individuals analyzed for the
North America study (Lumley and Sperling 2011) to assign
the Cypress Hills individuals, it was found that Cypress Hills
individualswereassignedtoPopulation1(C.fumiferana,n=
269), Population 2 (Western A, n = 28), Population 3 (West-
ern B, n = 175), Population 4 (C. lambertiana, n = 4) and
Population 5 (C. pinus, n = 2). No individuals were found
that were assigned to Population 6 (C. retiniana).
Life history and morphology
Life-history,behavioral,andmorphologicaldatacollectedfor
the Cypress Hills specimens were compared qualitatively to
data gathered for North American species. Life-history and
behavioral data included larval host plant, larval diapause,
pheromone attraction, and adult ﬂight phenology. Morpho-
logical data included larval head capsule and adult forewing
coloration.
The larval host plant for larvae collected in Cypress Hills
was almost exclusively spruce (Fig. 2). Several spruce bud-
wormspeciesareassociatedwithspruce,includingC.fumifer-
ana (white spruce), C. biennis (Engelmann spruce), and C.
orae (Sitkaspruce)(Harvey1985).Choristoneuraoccidentalis
has also been found to occasionally feed on spruce (Harvey
1985). Very few larvae (n = 3) were found on lodgepole pine
despiteextensivesearchinginCypressHills.Inotherregions,
C. lambertiana is the main species associated with lodgepole
pine, although C. pinus has also been found to occasionally
feed on this host plant (Harvey 1985). Most Cypress Hills
larvae were collected early enough (second to fourth instar)
to determine that they went through only 1 year of larval
diapause. Choristoneura biennis larvae go through a second
larval diapause, a ﬁxed trait for this species (Nealis 2005).
Choristoneuraorae larvaemayalsogothroughasecondlarval
diapause (Harvey 1967), and the remaining species typically
undergo only 1 year of larval diapause (Harvey 1985).
Adult Choristoneura males were collected in Cypress Hills
using both the C. fumiferana and C. pinus pheromone lures
in 2006 and 2008 (Fig. 2). Counts were only made for the
2008 collection, with a total of 16,210 moths caught using
the C. fumiferana lure and 224 moths caught with the C.
pinuslure.SpeciestypicallyattractedtotheC.fumiferanalure
are C. fumiferana, C. biennis, C. occidentalis,a n dC. carnana
(Lumley and Sperling 2011). Species typically attracted to
the C. pinus lure are C. pinus, C. retiniana, C. lambertiana
(Lumley and Sperling 2011), and most likely C. orae (Harvey
1985, unpubl. data). Phenology data from 2008 indicate that
adults ﬂy from late June to mid September. This covers the
ﬂightperiodofallspecieswithinthecomplex(Freeman1967;
Powell and De Benedictis, 1995).
For color pattern, larvae had either dark brown to black
(n = 184) or lighter brown (n = 33) head capsules (Fig. 2).
In other regions, C. fumiferana larvae generally have dark
brown to black head capsules, and the remaining species
typically have head capsules that are either lighter brown or
lighter brown with darker lateral stripes (Harvey and Stehr
1967; Lumley and Sperling 2010). Cypress Hills adults had
either gray or brown forewings. Species mainly associated
with gray forewings are C. fumiferana, C. biennis,a n dm a l e
C. orae (Freeman 1967). Choristoneura fumiferana females
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Figure 4. Linear discriminant analysis of 47
morphometric characters for Cypress Hills
specimens, grouped a priori by SSR population
(k = 2). Specimen coordinates are labeled to
indicate the four genetic combinations: Eastern =
f- or p-lineage mtDNA + SSR population 1;
Western = o-, oβ-o rb β-lineage mtDNA + SSR
population 2; Intermediate 1 = o-, oβ-o r
bβ-lineage mtDNA + SSR population 1; and
Intermediate 2 = f- or p-lineage mtDNA + SSR
population 2.
and C. biennis males and females may also have brown wings
(Freeman 1967). C. occidentalis, C.carnana, C. pinus, C. lam-
bertiana,a n df e m a l eC. orae typically have brown forewings
(Freeman 1967). There were no specimens with tawny wings
resembling C. retiniana (Freeman 1967).
Morphometrics
Forty-sevenmorphometriccharactersweremeasuredfor398
specimens, with SSR population (k = 2) as the prior method
for grouping individuals, to determine if these two popula-
tions could be identiﬁed using forewing color and pattern
alone. This also identiﬁed which population the intermedi-
ate specimens were most similar to in forewing characters.
The ﬁrst canonical discrimination function explained 100%
of the variation between the two populations (Fig. 4), and
Wilk’s Lambda test of functions was signiﬁcant (P < 0.05).
Under no selection, training set resubstitution evaluation
and leave-one-out evaluation assigned 352 (88%) and 335
(84%)individualstothecorrectpopulation,respectively.Un-
derstepwiseselection,thenumberofcharactersanalyzedwas
reduced to 11 of the 47 that were measured, and resulted in
trainingsetresubstitutionevaluationandleave-one-outeval-
uation correctly identifying 347 (87%) and 342 (86%) indi-
vidualstothecorrectpopulation,respectively.Therefore,the
numberofcharactersmeasuredcanbedecreasedwithoutre-
ducing correct identiﬁcation. As indicated on the graph (Fig.
4), the two SSR populations form clusters but there is some
overlap between them.
Figure 4 shows individuals mapped using four different
symbols, based on their genetic combination of mtDNA and
SSRs (Eastern, Western, Intermediate 1, Intermediate 2). This
reduced the number of individuals overlapping between the
“pure”populations(EasternandWestern),thoughsomeover-
lap is still present. It also showed that Intermediate 1 speci-
menswereclusteredwithpopulation1,whereasIntermediate
2 specimens were more scattered throughout both the pop-
ulation 1 and population 2 clusters.
Combined data
mtDNA, SSR assignment, life history, and morphological
traits were compared qualitatively as combinations within
andbetweenindividualsfromtheCypressHills.Forthe2008
collections, there were two spruce budworm populations in
Cypress Hills that were both attracted to the C. fumiferana
lure but differed in adult phenology. An early-ﬂying group,
collected primarily from June 27 to August 6, were mainly
gray-winged moths with f-lineage mtDNA and population
1 SSR assignments (Figs. 3 and 5). The early-ﬂying group
most resembles C. fumiferana based on this combination of
data. A late-ﬂying group, collected primarily from August 6
to September 5, was mainly brown-winged moths with o-
lineage mtDNA and population 2 SSR assignments (Figs. 3
and 5). The late-ﬂying group most resembles C. occidentalis
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Figure 5. Phenology histograms for the 2008 adult samples, showing correlation with: (A1–3) wing coloration, separated by adult pheromone lure
type; (B) mtDNA lineage; (C) SSR assignment (k = 2); (D) mtDNA and SSR assignment combined, giving four genetic combinations: Eastern = f- or
p-lineage mtDNA + SSR population 1; Western = o-, oβ-o rb β-lineage mtDNA + SSR population 2; Intermediate 1 = o-, oβ-o rb β-lineage mtDNA +
SSR population 1; and Intermediate 2 = f- or p-lineage mtDNA + SSR population 2. Letters a–g = collection dates (a = June 27– 7; b = July 7–17; c
= July 17–27; d = July 27–August 6; e = August 6–16; f = August 16–26; g = August 26–September 5).
based on this data combination. Our data also indicate that
there is a third population attracted to C. pinus lure. This
mid-ﬂying group, collected primarily from July 27 to August
26, is very similar in forewing color and pattern to the late-
ﬂying group, containing mainly brown-winged moths with
o-lineagemtDNAandpopulation2SSRassignments(Figs.3
and5). The mid-ﬂying groupmostresemblesC. lambertiana
based on this combination of data.
Comparison of the 2005 larval collections, 2006 adult col-
lectionsfromJuly8to11,and2008adultcollectionsindicated
that the 2005 and 2006 collections were most similar to the
2008 early-ﬂying adults (C. fumiferana)( F i g .3 ) .H o w e v e r ,
there were still a variety of mtDNA haplotypes and assign-
ments to both SSR populations (k = 2) within the 2005 and
2006 collections. The 2008 control pheromone traps, con-
tainingno pheromonelure,caughta totalofsixmoths:three
mothsweremostlikelyC.fumiferana,beingearly-ﬂying,hav-
ing either gray wings or worn wings during the middle of the
ﬂightseason,f-lineagemtDNA,andpopulation1SSRassign-
ments (k = 2); two moths were most likely C. occidentalis,
being late-ﬂying, with one being brown and the other gray,
and both having o-lineage mtDNA and population 2 SSR
assignments;andonegraymothwasanintermediate,having
f-lineage mtDNA but population 2 SSR assignment.
There were rare specimens collected with p-, bβ-, or
oβ-lineage mtDNA for which it was difﬁcult to determine
whether they were part of the three main species or repre-
sented separate groups. Specimens with p-lineage mtDNA
were collected with C. pinus lure within the same time frame
as C. lambertiana, and they had similar adult forewing fea-
tures, population 2 SSR assignment at k = 2, and population
2 or 3 SSR assignment at k = 6. This differs from the North
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American samples since specimens with p-lineage mtDNA
fromeastornorthofCypressHillsarehighlyassociatedwith
SSR population 1 at k = 2 (Eastern) and SSR population 5 at
k =6(C.pinus)(LumleyandSperling2011).Specimenswith
bβ-lineagemtDNAwerealsocollectedwiththeC.pinus lure,
had a mid-summer ﬂight (July 27–August 26), were brown
winged, and were assigned to SSR population 2 at k = 2a n d
SSR population 2 or 3 at k = 6. Individuals with oβ-lineage
mtDNA were collected with the C. fumiferana lure, but were
mainly late ﬂying (July 17–September 5) with either brown
orgraywings,wereassignedtoSSRpopulation1or2(mainly
population 2) at k = 2, and were assigned to SSR population
1 or 3 (mainly population 3) at k = 6.
For the 2008 phenology data, individuals were classiﬁed
under four genetic types to determine the possibility of hy-
bridizationeventsinCypressHills(Fig.5D).Themajorityof
specimenswereeitherEastern(n=83)orWestern (n=182),
with the Eastern specimens deﬁned by having f- or p-lineage
mtDNAandSSRassignmenttopopulation1(k =2),andthe
Western specimens deﬁned by having o-, oβ-, or bβ-lineage
mtDNA and SSR assignment to population 2 (k = 2). There
were also fourteen specimens with the Intermediate 1 genetic
type, deﬁned by having o-, oβ-, or bβ-lineage mtDNA and
SSRassignmenttopopulation1(k=2),andsevenspecimens
with the Intermediate 2 genetic type, deﬁned by having f- or
p-lineage mtDNA and SSR assignment to population 2 (k =
2). Both Intermediate 1 and Intermediate 2,w h i c hm a yr e f e r
to two hybrid genetic types, were mid-summer ﬂiers in that
they were collected as adults from July 7 to August 6. During
this time period, both the Eastern and Western populations
were ﬂying.
Discussion
Many factors must be taken into account when delimiting
and identifying species on islands, including the propensity
for species to undergo adaptive radiations and hybridiza-
tioneventsinnew,geographicallyconstrainedecotypes(e.g.,
Grant et al. 1996; Schluter 2000; Seehausen 2004; Petren et
al.2005).Thischallengewasfacedinidentifyingsprucebud-
worm individuals to species in Cypress Hills, with the added
difﬁculty that “mainland” life-history traits or ecogeograph-
ical features are typically necessary for species identiﬁcation.
Although isolated, Cypress Hills is situated between two ma-
jor ecogeographical regions, the boreal and cordilleran, each
of which contains different spruce budworm species. Con-
sidering the biogeographical history of the region (Strong
and Hills 2005), along with the ability of spruce budworm to
migrate long distances (Dobesberger et al. 1983), it is plau-
sible that any of the species in the group occur in Cypress
Hills. The documented ability of spruce budworm species
to hybridize (Harvey 1997), adds the possibility of further
complexity in the Cypress Hills through secondary contact
between previously allopatric species.
By integrating life history, behavior, morphology, and ge-
netics we determinedthatthere are at least three spruce bud-
worm species in Cypress Hills, each with a distinct ﬂight
period. The early-ﬂying group is C. fumiferana,w i t hg r a y
forewings, f-lineage mtDNA, and assignment to SSR pop-
ulation 1 (k = 6). The late-ﬂying group is most likely C.
occidentalis, with brown forewings, o-lineage mtDNA, and
assignment to SSR population 2 or 3 (k = 6). Identiﬁca-
tion of the late-ﬂying group was partly through a process of
elimination. No larvae were found in Cypress Hills that went
through second diapause and this is a ﬁxed character for C.
biennis (Nealis 2005). Choristoneura carnana,t h er e m a i n i n g
species attracted to the C. fumiferana lure, has only been
found in California, southern Oregon, and Arizona, which
aregeographicallydistantfromCypressHills,andspecimens
collected in Cypress Hills had adult forewing features that
were more similar to C. occidentalis than to C. carnana.C y -
press Hills also contains a smaller mid-summer ﬂying third
groupthatisattractedtotheC.pinuslureandmostresembles
C.lambertiana.Morespeciﬁcally,itresemblesC.lambertiana
“North”, a group that was identiﬁed in Lumley and Sperling
2011. All individuals within this group had brown forewings
asadults,andmosthado-lineagemtDNAandassignmentto
SSR population 2 or 3.
There were also some individuals that had p- or bβ-
lineage mtDNA. Of particular interest, there is evidence for
the decoupling of p-lineage mtDNA from the usual nuclear
genome of C. pinus, since SSR population assignment for
Cypress Hills specimens containing the p-lineage did not
correspond to that of individuals collected in other regions
of North America. It is possible that there were previously
C. pinus individuals residing in Cypress Hills that eventu-
ally hybridized with C. lambertiana to produce this unusual
genotype.
Consideringthepropensityforspeciestohybridizeinnew,
geographically conﬁned regions (Seehausen 2004), as would
be the case for Cypress Hills, it is surprising that the two
main species, C. fumiferana and C. occidentalis,h a v er e -
mained separate with relatively few hybrids, as determined
by the proportions of the four mtDNA and SSR combina-
tions (Eastern, Western, Intermediate 1, Intermediate 2). Sev-
eral traits may allow these species to maintain their genomic
integrity. Although these two species are both attracted to
the C. fumiferana lure, it is possible that missing compo-
nents in the artiﬁcial lure would normally allow individual
discrimination. The species are morphologically different, as
determined by simple wing-color scoring as well as mor-
phometric analysis. Most importantly, they are phenologi-
cally different. Although they have an overlapping ﬂight pe-
riod, the number of individuals ﬂying from each species dif-
fers substantially, with rapid transition. This may reduce the
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opportunity for them to hybridize. Interestingly, all identi-
ﬁedhybridshadanintermediateﬂightperiodthatwaswithin
the period of time during which both C. fumiferana and C.
occidentalis were ﬂying. Laboratory experiments on spruce
budworm hybrids have also found hybrids to undergo in-
termediatedevelopmentbetweenthatoftheirparents,which
mayresultinintermediateﬂightperiods(Smith1953;Harvey
1967; Volney and Liebhold 1985).
Thelarvaecollectedin2005aremoregeneticallysimilarto
C.fumiferanathantoC.occidentalis.Therearethreepossibil-
itiesthatmayexplainthelackofC.occidentalislarvalsamples.
First,theC.occidentalisindividualscollectedasadultsin2008
may have migrated from elsewhere, most likely from south-
ern or western regions (e.g., Montana, Idaho, Washington,
British Columbia, southern Alberta) where we collected C.
occidentalis in high numbers and observed severe host defo-
liation within these same years. Cypress Hills is within the
ﬂight range of some of these regions. Second, within Cypress
Hills, C.occidentalis mayhavebeenfeedinginlocalitiesoron
host plants that were not sampled as larvae. All larvae were
sampled from lower, accessible branches of the host plant, so
if C. occidentalis larvae were feeding in other regions of the
host, or residing in areas of Cypress Hills that were not sam-
pled, then they may not have been collected in proportions
that represented their numbers as adults. Third, the 2005
larvae were sampled early in the season when they were sec-
ond to third instar so that diapause characteristics could be
studied. Late-ﬂying C. occidentalis individuals may have still
been in diapause or in the process of migrating to the bud to
feed, and therefore may have been missed during collection.
This is of particular interest as, if C. occidentalis is residing
in Cypress Hills, then it has adapted to feed on a nontypical
host (white spruce or hybrid spruce) that is possibly nutri-
tionally and phenologically different from the typical host
(Douglas-ﬁr).
Overall,ourresultsdemonstratetheimportanceofcollect-
ing samples at intervals throughout the overall ﬂight period
for studies focused on identifying and monitoring species
or populations. This principle applies to biodiversity studies,
insect pest and invasive species monitoring, and almost any
study focused on systematics or population genetics. Spec-
imens collected in 2005 and 2006, along with prior collec-
tions by Sperling and Hickey (1994), indicated that there
were different co-occuring mtDNA lineages, but the major-
ity of these specimens resembled C. fumiferana.As h o r t a g e
of specimens and few biological differences made it unrea-
sonable to separate out additional species. By sampling the
full ﬂight period over 10-day intervals in 2008, we were able
todeterminethattherewereadditionalspecieswithdifferent
biological characteristics residing in Cypress Hills that were
missed, or misrepresented in proportion, by collecting early,
single-period samples (early June for larvae, early July for
adults).
This study highlights the importance of using integrative
methods and broad sampling for species or population de-
limitation, a contentious issue amongst taxonomists (e.g.,
Dayrat 2005; Will et al. 2005) that is nonetheless increasingly
beingsupportedthroughcase-focusedresearch(e.g.,Roeand
Sperling 2007b; Ross et al. 2009; Schlick–Steiner et al. 2010).
Without combining behavioral, morphological, and genetic
traits,furtherdelimitationofspecieswithintheCypressHills
would have remained ambiguous, as they were with the use
of mtDNA alone (Sperling and Hickey 1994). This is partic-
ularly true for the identiﬁcation of closely related, sympatric
species on islands where typical ecogeographical and life-
history traits are unavailable.
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